ABSTRACT: Prior to the present study little was known about factors that control daily, seasonal, or ontogenetic changes in the vertical distribution of Pacific cod Gadus macrocephalus, an ecologically and commercially important fish species in the northern Pacific Ocean. Vertical distribution and migration of species in the family Gadidae are primarily controlled by gradients of light, temperature, food, and predators. The role of these factors in the vertical distribution of juvenile Pacific cod (0+ and 1+ yr) was tested by exposing fish to vertical gradients of light, temperature, and food that were constructed in the laboratory to simulate conditions normally found in Pacific cod habitats. Fish avoided high light and cold water. Food introduction in warm isothermal water (9°C) induced fish to feed and form more groups than when food was not present. In cold-thermocline conditions (9 to 3°C, top to bottom), food introduction into the lower third of the tank induced fish to swim deeper, but detections of food, feeding, and the formation of groups were initially inhibited by excursions into cold water. Increasing consumption of food during the hour after feeding indicated that fish adapted to cold water. Fish adapted within an hour of continuous exposure to high light as they swam higher in the water column. The effects of fish age were minor and evident as interactions with environmental condition effects on the number of fish groups. Pacific cod are able to adapt to changing ecological conditions, and their behavioural flexibility in response to food, temperature, and light conditions make prediction of vertical distribution complex. Future field studies of the diel vertical migration of Pacific cod should include concurrent measurements of key environmental factors and consider the ability for fish to quickly adapt to changing conditions.
INTRODUCTION
Members of the family Gadidae are important components of ocean ecosystems and commercially harvested fish stocks. The vertical distribution of gadoid fishes can be an important aspect of their ecology, life history, and commercial exploitation. Vertical distribution in juvenile and adult stages, often resulting from diel vertical migration (DVM), is controlled by behavioural responses to environmental factors within the constraints of physiological capabilities (Neilson & Perry 1990 , Stensholt et al. 2002 . Gadoid larvae have limited swimming capabilities and undergo DVM as an efficient means for access to ocean depths with abundant food, reduced predator encounters, and current speeds and directions for favourable horizontal transport , Fiksen et al. 2007 . Fish surveys and fishing operations can be affected by DVM, since capture relies in part on the intersection of fish and fishing gear, and survey acoustic detection can be biased as fish make excursions into and out of the acoustic dead zone near the bottom (Aglen et al. 1999 , Neilson et al. 2003 .
Pacific cod Gadus macrocephalus is an important species in North Pacific Ocean ecosystems. Pacific cod fisheries have recently increased, representing the second most important Alaska ground fishery in amount and value (Laurel et al. 2007 , Conners & Munro 2008 . Fisheries for Pacific cod in Alaska waters have occurred for over 4500 yr, and populations appear to be resilient and able to recover from environmental perturbations that have occurred during that period, including increased water temperature (Maschner et al. 2008) . Future effects of increased temperature may include interactions of temperature and fishing effort, as fish might remain longer in shelf habitats and become more susceptible to capture (Ciannelli & Bailey 2005) . Pacific cod can be highly mobile, with populations undergoing annual migrations (Shimada & Kimura 1994 , Connors & Munro 2008 . In the Bering Sea fish are on the shelf during the summer (< 30 to 100 m depth), moving to the outer shelf in the fall (>100 to 200 m depth), off the shelf in the winter (> 200 m depth), and finally aggregating in spawning areas in late winter. Pacific cod mobility exposes fish to vertical gradients of light, temperature, food, and predators as they range over different depths associated with season-and age-induced changes in habitat (Ciannelli & Bailey 2005 , Laurel et al. 2007 ). Juvenile Pacific cod are generally found at temperatures ranging from 0 to 9°C and light levels of darkness of 80 µmol photons m -2 s -1 (Ciannelli & Bailey 2005 , Laurel et al. 2009 ).
Little is known about the effects of environmental factors on the vertical distribution and patterns of DVM in Pacific cod. The goal of the present study was to test juvenile fish responses to laboratory-simulated vertical gradients of light, temperature, and food conditions, and the interactions that are normally found in Pacific cod habitats. Laboratory conditions can only simulate field conditions in a general way and are not meant to be direct tests for field fish distributions. Testing of fish responses in the laboratory are a necessary first step for identifying important factors that control behaviour and vertical distribution and to demonstrate fish capabilities and the possible effects of factor interactions (Sogard & Olla 1993 . Results from laboratory studies can then be used to formulate hypotheses that can be tested in the field. Understanding the roles of environmental factors in controlling the DVM of Pacific cod are important parts of modelling their spatial and temporal distributions and ecology and for assessing the impacts of DVM on surveys of fish abundance and distributions.
MATERIALS AND METHODS
Collection and rearing of juvenile fish. Pacific cod Gadus macrocephalus were collected as young of the year (30 to 50 mm total length, TL) using a beach seine during July 2006 and July 2007 near Kodiak, AK, USA (57°43' N, 124°31' W) and transported by air to the laboratory in Newport, OR, USA. Fish were reared for up to 1 yr in 2510 l circular tanks (2.0 m diameter and 0.8 m depth) supplied with flowing sand-filtered seawater (8 to 10°C, 30 to 32 ppt salinity) and low-light conditions (0.5 to 1.5 µmol photons m -2 s -1
). Fish were fed to satiation 3 times per week with pelleted cod food.
Experimental thermocline tanks. Experiments were conducted in 2 tanks of 15 000 l volume (2.5 m depth, 2.5 m width, and 2.5 m breadth) in which thermoclines could be constructed (see Olla & Davis 1990 , Sogard & Olla 1993 for detailed descriptions of the thermocline tanks). Tanks were constructed with a fibreglass bottom and sides and an acrylic viewing window in the front. Thermistors were embedded in a side wall of the tank at 15 cm depth intervals to continuously measure water column temperature. A partition divided the tank into equal-sized front and rear sections to more easily observe small fish that were placed in the front section. A false PVC bottom was drilled with a grid of 5.0 mm holes (spaced 3.8 cm apart) through which seawater (9°C) was introduced into the tank bottom and out through surface drains. To form a thermocline, chilled seawater (0.5°C) was introduced through the bottom over a 50 min period, with warmer water leaving the tank from surface drains (Fig. 1) . After the thermocline was formed, the water flow was stopped and the temperature gradient remained stable for 24 h. Five similarly sized fish formed a replicate assemblage that was placed into an experimental tank and acclimated for 48 h in isothermal (9°C) conditions and a 12 h light:12 h dark photoperiod, with low light of 33.0 to 8.9 µmol photons m -2 s -1 , ranging from top to bottom and supplied by a 400 W metal halide lamp (6000 K colour temperature). Fish were not fed during the acclimation period. Experiments with changing environmental conditions. After acclimation in the experimental tank, independent replicate subjects (assemblages of 5 similarly sized fish) of age 0+ (7.0 to 8.8 cm TL) or 1+ (13.6 to 18.9 cm TL) were observed during a temporal series of experimental treatments that were designed to simulate the normal range of conditions in Pacific cod habitat (see 'Introduction'). Experiments were divided into 2 parts, based on the logistical constraints of sequential exposures to changing environmental conditions during a limited day length ( Table 1 ). The primary difference between the 2 parts was that fish were fed under low light or fed under high light. Food (pelleted cod food) was introduced through a tube so that it appeared and was available to fish in the lower third of the tank. Pelleted food was used as a standardized food stimulus to eliminate variability associated with live prey. Although pelleted food is not a natural prey, it was readily eaten by Pacific cod and it supplied complete nutrition for normal growth. Experiments included alternation of low and high light to test responses to rapidly changing light conditions and alternation of warm-isothermal and cold-thermocline conditions to test responses to vertical thermal gradients. , top to bottom) was produced by turning on 2 additional 1000 W halogen lamps (5300°K colour temperature) above the tank. Temperature changes included alternation between isothermal (9°C) and thermocline (9 to 3°C, top to bottom) states. In the field, light conditions rapidly change as cloud cover or sun angle changes. Fish detect rapid changes in temperature as they migrate through thermoclines that may be seasonally produced and dissolved.
These laboratory tests did not simulate actual field conditions, as tanks were small and shallow relative to the open ocean. Tanks were large enough for fish to swim freely and form and dissolve groups in response to changing environmental conditions. Responses of fish in the laboratory demonstrate their capabilities rather than their actual responses in the field. The tests were designed to determine the relative importance of temperature, light, and food in controlling fish behaviour and distributions and to guide formulation of hypotheses for testing the role of environmental factors in control of vertical fish distributions in the field, where the isolated effects of factors often cannot be identified.
Observations of Pacific cod behaviour. Responses of a replicate subject (fish assemblage) to an environmental condition were observed from behind a blind 31 , top to bottom), and food (introduced into lower third of the tank). Because of the logistics of exposing fish to multiple sequential changes in environmental conditions during limited day length, experiments were conducted in 2 parts with feeding in low light in the first part and feeding in high light in the second part. For both ages (0+ and 1+ yr) each part tested 8 independent replicate subjects. and recorded once per minute for 5 min after a change in conditions or at a specified sampling time (see Table 1 ). Responses to an environmental condition were summed for an assemblage over the 5 min observation period to calculate a mean response for each replicate subject, which was then used for statistical analysis. Mean subject dependent response variables included vertical position (depth), number of fish groups (a group consisted of fish within 1 body length of 1 or more fish), and number of fish observed feeding during a 5 min period after food introduction. Part 1 and Part 2 experiments (see Table 1 ) each used 8 independent subjects for each age, making a total of 32 replicate subjects. For statistical analysis, subjects from Part 1 and Part 2 experiments were linked to form a continuum of 8 replicates for each age through all 35 environmental conditions. A total number of 160 fish was used in experiments, and no fish was used in >1 assemblage. Statistical analysis. Testing for the overall effects of isolated predictor variables and their interactions (temperature, light, food, and age) required a 4-way repeated-measures analysis of variance (ANOVA), which was not possible to interpret, given that there were many higher order interactions. Therefore, the predictor variable 'environmental conditions' was formed to include all combinations of light, temperature, and food conditions, and then 2-way repeatedmeasures ANOVA was used to test for the overall effects of age and environmental conditions. Repeated-measures ANOVA is a widely accepted analysis method that originated in psychology and, subsequently, was extended into experimental biology (Hicks 1982 , Ryer et al. 2008 . In typical statistical calculation programs for repeatedmeasures ANOVA, terms in the analysis include subject and within-subject and between-subject factors. The subject in the ANOVA was a replicate fish assemblage and the effects of between-subject (age) and within-subject (environmental conditions) predictor variables and their interactions were determined. Effects on 3 dependent response variables, including mean fish depth, number of groups, and number of fish feeding were analyzed separately. A subject (replicate fish assemblage) was repeatedly observed during an experiment, and mean responses of depth and number of groups to 35 environmental conditions (see Table 1 ) were calculated for each of 8 subjects in each age group (0+ and 1+ yr) and used in the ANOVA. For number of fish feeding, mean responses to 4 feeding conditions (see Table 1 ) were calculated for each of 8 subjects in each age group and were used in the ANOVA. Statistical significance was considered at p < 0.05, and differences in mean response variables among environmental conditions and between ages were determined with the Tukey honestly significant difference method for post hoc multiple comparisons. All calculations were performed using Statistix 8.0, according to the generally accepted use of repeatedmeasures ANOVA models (Hicks 1982) .
RESULTS

Mean depth of juvenile Pacific cod
Gadus macrocephalus and number of fish feeding were controlled by environmental conditions, while for mean number of groups there were significant interactions between environmental conditions and age effects (ANOVA; Table 2 ). Significant differences among means for depth, number of groups, and number of fish feeding associated with changes in environmental conditions and age were identified using multiple comparisons and are discussed below. Table 2 . Gadus macrocephalus. A 2-way repeated-measures ANOVA was used to test for the overall effects of betweensubject (age: 0+ and 1+ yr) and within-subject (environmental conditions: changes in temperature, light, and food) predictor variables and their interactions. The dependent response variables mean fish depth (m), number of groups, and numbers of fish feeding were examined separately. See 'Materials and methods' section for description of experimental protocol. For fish depth and number of groups, 8 replicate subjects (fish assemblages) were observed in 35 environmental conditions for each age (see Table 1 ). For number of fish feeding, 8 replicate subjects (fish assemblages) were observed in 4 feeding conditions for each age (see Table 1 ). Error terms for between-subject (age) and within-subject (conditions) effects are indicted in the predictor variable column 
Effects of switching from low light to high light when food was not present
Fish of both ages swam deeper after 1 min exposure to high light in isothermal conditions or thermocline conditions when food was not present (Fig. 2) . No changes in the number of groups were associated with exposure to high light when food was not present.
Adaption to high light when food was not present
Fish of both ages swam deeper after 1 min exposure to high light and then swam into shallow depths at 30 and 60 min after the start of a period of continuous exposure to high light in isothermal conditions (Fig. 3) . A similar pattern was shown in thermocline conditions, but was not significant. No changes in the number of groups were evident during 1 h of exposure to high light in isothermal or thermocline conditions.
Effects of food presence in warm-isothermal conditions
When food was present in the lower third of the tank, older fish swam deeper in low-light isothermal conditions (Fig. 4) . Fish of both ages formed more groups in low-light or high-light isothermal conditions when food was present. 
Effects of switching from warm to cold conditions when food was present
Fish of both ages swam deeper in warm-isothermal conditions than in cold-thermocline conditions in low light or high light when food was present (Fig. 5) . Fish of both ages formed more groups in isothermal conditions than in thermocline conditions in low light or high light when food was present.
Effects of cold water on number of fish feeding
Higher numbers of both ages of fish fed within 5 min of food introduction in low-light or high-light warm-isothermal conditions than in low-or high-light cold-thermocline conditions (Fig. 6 ). Increasing consumption of food during the hour after feeding in thermocline conditions indicated that fish adapted to cold water.
DISCUSSION
Fish responses to environmental factors that result in changes in vertical distribution, generally considered DVM, can be important aspects of fish ecology contributing to our understanding of distributions, feeding, growth, reproductive patterns, and interactions with predators. DVM in gadoid fishes primarily occurs in response to patches of food and predators, thermal gradients, and light conditions (Neilson & Perry 1990 , Strand & Huse 2007 . Pacific cod Gadus macrocephalus responded to thermocline conditions, alternation of low and high light, and the presence or absence of food. Primary DVM responses of gadoids may be modified by many other factors that were not tested in the present study. Hydrostatic pressure and acclimation determine the upper and lower limits of short-term vertical movements (Arnold & Walker 1992 , Stensholt et al. 2002 . Fish condition, e.g. age, feeding history, reproductive state, and adaption to changing environmental conditions, controls vertical distribution , Neilson et al. 2003 , Cote et al. 2004 . Physical factors, e.g. tide, current speed, salinity, and O 2 concentration, may set physiological limits to the range of vertical movement (Stensholt et al. 2002 , Strand & Huse 2007 .
Gadoid responses to factors controlling vertical distribution are variable and difficult to predict in the field, in part because of numerous interactions of controlling environmental factors and changing behavioural motivation to feed, avoid predators, and migrate. Several types of group responses have been identified, i.e. shallow water versus deep water, or resident versus migratory fish (Pálsson & Thorsteinsson 2003 , Hobson et al. 2007 ). These group responses can introduce bias into fishing operations and surveys that occur over wide depth ranges and alternating day and night conditions (DeBlois & Rose 1995 , Aglen et al. 1999 ).
Prior to the present study, little was known about the vertical distributions of Pacific cod or the factors that control the distribution of this species (Ciannelli & Bailey 2005 , Nichol et al. 2007 , von Szalay et al. 2007 . Pacific cod movements observed in the present laboratory study generally confirmed previously observed effects of light, temperature, and food distribution on vertical distribution, and the formation of groups in other gadoid species. However, exceptions were evident in walleye pollock Theragra chalcogramma under similar experimental conditions, as fish avoided lower temperatures, but showed little avoidance of higher light, except to move more often into colder water in stratified conditions. Also walleye pollock did not feed in cold water and often became disoriented and unable to return to warmer water (Olla & Davis 1990 , Sogard & Olla 1993 . Younger walleye pollock had a greater tendency to avoid colder water and a lesser tendency to form groups compared with older fish. These age effects were not clearly evident for Pacific cod. Atlantic cod Gadus morhua (Perry & Neilson 1988 , Claireaux et al. 1995 and haddock Melanogrammus aeglefinus in the field (Aglen et al. 1999 , Stensholt et al. 2002 avoided higher light and colder water and were attracted to food in patterns of response similar to those observed of Pacific cod.
Vertical movements of Pacific cod in response to changing light, temperature, and food conditions were consistent with previous models for DVM. These results suggest a pattern of vertical distribution that can be tested using observations of field conditions and fish distributions. For example, Pacific cod may respond to increasing light associated with time of day or diminished cloud cover by moving deeper and then adjusting depth according to local temperature, food, and predator distributions. Concurrent measurements of all these factors are necessary for definitive hypothesis testing. A study of tagged Pacific cod showed that fish were generally near the bottom, but were higher in dark conditions than in daylight (Nichol et al. 2007 ). However, the vertical distribution patterns of these fish were highly variable, suggesting that other factors were interacting with the effects of light. Current speed may also be important, as Pacific cod tended to move towards the bottom when current speed increased and upwards when current decreased (T. Tripp pers. comm.). In co-occurring juvenile populations, haddock followed the tidal cycle, moving upward in the water column as current speed decreased and downward as current increased, while Atlantic cod followed the light cycle, remaining near the bottom during the day and moving upward during the night (Perry & Neilson 1988) . Although these patterns of vertical movement appeared to follow current speed or light conditions, they were attributed to movement of prey, which, in turn, was controlled by current speed or light. The present laboratory study of Pacific cod did not include consideration of several factors that may be important for control or modification of DVM (e.g. dark conditions, predators, physiological state, or gradients of hydrostatic pressure, salinity, current speed, or O 2 concentration). Future field studies of Pacific cod DVM should make every effort to measure important environmental and physiological factors concurrently to aid in modelling and interpreting DVM patterns.
The formation of fish groups (shoaling or schooling) can be important for understanding DVM patterns and their possible effects on fish feeding and interactions with predators, as well as on fish surveys and management. In the present study, grouping behaviour changed in the presence of new stimuli presented by changing conditions. Pacific cod group formation was most strongly increased by the presence of food and inhibited by switching to cold water. The inhibition of Pacific cod feeding and group formation in cold water suggests that predator avoidance and fishing gear operations (herding or bait attraction) would also be initially impaired when fish move into cold water and this could be tested in laboratory and field experiments. Grouping was important in other gadoids. Grouping behaviour increased the probability of finding food in juvenile walleye pollock (Baird et al. 1991 , Ryer & Olla 1992 , and older fish showed a stronger tendency to group (Sogard & Olla 1993) . Atlantic cod found food more frequently while in groups (Brawn 1969) , and cod in groups were associated with pelagic zooplankton prey by expanding and contracting groups in response to foraging activity (DeBlois & Rose 1995) . Grouping behaviour in Atlantic cod and Greenland cod Gadus ogac was important for predator evasion and was modified by interactions of density dependence and habitat quality (Laurel et al. 2004) . Previous habitat experience controlled the ability for Atlantic cod to adapt to new habitats by altering grouping behaviour (Salvanes et al. 2007 ). The effects of experience on grouping may have important implications for feeding and predator evasion as fish move into new environments during DVM or ontogenetic changes in habitat. Fishing operations may also be altered as the effectiveness of baited fishing gear is controlled in part by grouping behaviour (social facilitation) and temperature (Stoner 2004) .
Future study of DVM patterns and their control will be important components for modelling and understanding Pacific cod behaviour, growth, habitats, and fisheries recruitment, and for interpreting fishery surveys to reduce bias. Observations of environmental conditions, physiological states, and behaviour should be made concurrently in the field to assist in the testing and interpretation of observed DVM patterns. These studies can also contribute to a more complete understanding of the interactions among fish condition, experience, and responses to environmental factors that control DVM in gadoids. 
